An original set-up has been used to study the mechanical properties of aluminium alloys in tension during solidification with a high cooling rate (70 K s À1 ). The mechanical behaviour of 6056 aluminium alloy with and without grain refiner has been investigated as well as that of mixtures between AA6056 and AA4047. The results show that the alloys exhibit a viscoplastic behaviour in the mushy state. A transition is observed between fracture in the mushy state and fracture in the solid state as a function of the displacement rate. This displacement rate at the transition depends on the cooling rate and on the composition of the alloy. The displacement before fracture is observed to be independent of displacement rate but to depend on the composition and on the solidification rate. Based on the observations a criterion for fracture in the mushy state is proposed. A simple rheological law describing the mechanical behaviour of the alloys is coupled to a finite element calculation giving the thermal field during the tensile test. This simulation is able to reproduce the mechanical response of the solidifying alloy during a non-isothermal test.
Introduction
The mechanical response of partially solidified metallic alloys subjected to straining is an investigation field of wide interest [1] [2] [3] [4] [5] . From the practical viewpoint, this response needs to be understood to control material processing where substantial deformation occurs in the mushy state, either on purpose as in thixo-forming [6] , or inevitably as in the casting of ingots [7] [8] [9] [10] , or during welding [11, 12] . In the latter processes, thermal contraction, shrinkage associated with solidification, and the boundary conditions of the process exert tensile stresses on the material in the mushy state. It is well known that these tensile stresses, when acting at low liquid fractions, can lead to macroscopic failure (hot tearing) [13] [14] [15] . It is therefore crucial to understand quantitatively the mechanical behaviour of these materials, both in terms of stress-strain response and in terms of fracture mechanisms.
Characterising the mechanical behaviour in the mushy state is not an easy task. As far as the conditions where hot tearing occurs are concerned, the interesting fractions of solid comprise between 0.9 and 1 [16, 17] . The temperature interval corresponding to this range of solid fractions may be very small, depending on the alloy system. Moreover, it has been repeatedly shown in the literature that the mechanical properties in the mushy state are highly dependent on the thermal path: in fact, the mechanical properties obtained at identical fractions of solid are very different if the material is solidified in situ before the mechanical test, or if it is re-melted from a fully solid sample [18, 19] . In addition, in many practical cases, such as during the solidification of a weld pool, deformation of the solidifying material occurs non-isothermally. The mechanical behaviour in such non-isothermal conditions has not received much attention until now [20] .
This paper presents a detailed study of the mechanical behaviour of several aluminium alloys, based on AA6056 + AA4047 mixtures, during non-isothermal straining in the mushy state. Mixing these two alloys is representative of the composition of the nugget of laser welds of AA6056 plates with AA4047 filler wire. Indeed, increasing the Si content in the weld pool is known to decrease sensitivity to hot tearing [8, 15] . Constant crosshead velocity tests were carried out at relatively high cooling rates (25 and 70 K s À1 ), the material being solidified in situ in the tensile machine before straining started at a given solid fraction. The studied parameters include the cooling rate, the strain rate, and the chemical composition of the alloy. The variation of stress during these experiments is discussed, and modelled using a constitutive law based on isothermal experiments, published in a previous paper [3] . The dependence of fracture mode on the different testing parameters is investigated, and a failure criterion is proposed.
Experimental

Synthesis of the alloys
The AA6056 alloy was supplied by ALCAN as plates, 6 mm in thickness. It was received in the T4 condition (solution heat treated followed by natural ageing). The composition of this alloy (all concentrations in the following are in wt.%) and of the filler wire (AA4047) are given in Table 1 . The filler wire was 1 mm in diameter. Different alloys were investigated: the original 6056 alloy and two alloys obtained by mixing 6056 and 4047, with a resulting Si concentration of, respectively, 2 wt.% (typical of laser weld nuggets) and 4 wt.%. These alloys were used to study the influence of the Si concentration on the mechanical behaviour. A fourth alloy was obtained by adding a grain refiner to the original 6056 in order to quantify the influence of the grain size. In this case, 5 g/kg of ATi5B (Al5%Ti-1%B), which is a typical industrial grain refiner, was used. In all cases, the materials were melted in a furnace using a graphite crucible coated with boron nitride, and subsequently cast in a boron nitride-coated stainless steel mould and air-cooled. The pouring temperature was 720°C and since the steel mould was not preheated, the average cooling rate in the mushy zone was about 1 K s À1 . Fig. 1 shows the initial microstructure of the cast samples.
Experimental set-up for non-isothermal tensile testing
In order to perform non-isothermal tensile tests with a high cooling rate, a specific experimental set-up was designed. The tests were carried out using an ADAMEL DY 34 tensile machine with a 2 kN load cell. The sample was heated by induction using an inductive copper coil with a power of 5 kW. The samples were machined from the ingots obtained as explained in Section 2.1. The sample geometry is shown in Fig. 2 . The two M5 holes allowed screwing water flow pipes to ensure a high cooling rate of the sample during the whole test. A type K thermocouple with a diameter of 0.5 mm was introduced in a hole drilled at 14°off the specimen axis (Fig. 2 ) in order to measure the temperature at the very centre of the sample. The thermocouple was coated with boron nitride to protect it from liquid aluminium. Measurements were carried out to check that the boron nitride coating did not affect the temperature measurement. As the centre of the sample was fully melted during the test, a crucible was placed around the central part of the sample to hold the liquid bath. Two types of crucible were used, made of alumina and graphite. In the first case, the crucible itself was not heated by induction during the heating stage of the aluminium sample; therefore during the cooling stage the cooling rate was a maximum, at approximately 70 K s À1 . In the second case, the crucible was the main heat source during the heating stage, thus more heat had to extracted during the cooling stage, resulting in a reduced cooling rate of about 25 K s À1 .
Test procedure
Since the tensile tests were carried out in a non-conventional manner, it is important to detail the test procedure which was systematically used for all the experiments. Firstly, the specimen was attached to the fixed grip of the tensile testing machine. Then it was cooled by the water pipes until it reached the temperature of the cooling water. It was then attached to the moving grip of the machine and heated by the inductive coil. During heating of the middle part, the water was still flowing through the sample. Dilatations due to thermal expansion of the sample were automatically accommodated by regulating the load to zero. When the temperature in the central part of the specimen reached about 700°C, which means that this part is fully liquid, the temperature was held for 15 s (Fig. 3 ). The inductive coil was then shut off and the temperature began to decrease. When the desired temperature for the beginning of the tensile test was attained, the predefined program started the tensile machine at a given displacement rate and the load was recorded during the test. All the tests presented here were carried out using a solid fraction of 0.84 as a starting point of the loading. This fraction was chosen to observe the behaviour in the mushy state. Lower starting solid fractions involve rapid fracture (absence of ductility) whereas higher solid fractions lead to fracture in the solid state.
Fractions of solid as a function of temperature
The evolution of the fraction of solid with temperature for the three alloys under study was evaluated using the ALCAN software Prophase [21] . This software assumes infinite diffusion in the liquid phase and takes into account a limited back diffusion of the alloying elements in the solid phase. The calculations of the solid fraction were performed for a cooling rate of 10 K s À1 (which represents the maximum solidification speed taken into account by the software) representative of the experimental cooling rate. The difference between this cooling rate and that used in the calculations is believed to have a negligible influence on the solid fraction at a given temperature, since for both cooling rates back diffusion in the solid is very limited.
Compression tests at high temperature
In addition to experiments carried out during solidification, experiments were performed to characterise the behaviour of the alloys in the solid state. For these experiments, compression test cylinders with a diameter of 12 mm and a height of 18 mm were machined. Before testing, the samples were homogenised for 24 h at 480°C. The compression tests were carried out using an ADAMEL DY35 machine equipped with a radiant tube furnace. The heating rate was 20 K min À1 and the compression tests were strain rate controlled using the mechanical cycle given in Fig. 4 . The force was measured using a 20 kN load cell and the strain was calculated using the crosshead displacement. The compression tests were conducted at four different temperatures (450, 475, 510, and 530°C) which were measured using a type K thermocouple inserted in the lower grip right under the surface. As an example, Fig. 5 presents the results of a compression test at a temperature of 450°C for the 6056 alloy and the alloy containing 2 wt.% Si.
Results
Microstructure and fracture surfaces
The experimental set-up used in this study was aimed at gaining a better understanding of the occurrence of hot tearing during solidification processes which involve fast cooling rates associated with tensile stresses, and particularly during laser welding. Thus, one important point is to reproduce the same fracture mode as encountered in hot tearing of laser welds of the same materials, and to check that the solidification microstructure is qualitatively the same as that in the nugget of such welds (a detailed study of the weld microstructure can be found elsewhere [22] ). Fig. 6 shows the microstructure close to the fracture surface of a tensile sample with a 2% Si concentration, and the associated fracture surface, in comparison with similar micrographs for a weld of identical nugget composition. The conditions of the non-isothermal tensile test were chosen so that fracture occurred in the mushy state.
Both solidification microstructures are equiaxed. The grain size is, however, different (500 lm in our experiments, 100 lm in the weld). The secondary dendrite arm spacing is in a similar range in the two cases: 5 lm in the laser weld and about 9 lm in the non-isothermal tensile test. This difference is explained by the difference in cooling rate: 70 K s À1 in our experiments (fast cooling rate), compared to approximately 300-400 K s À1 in the laser weld. The fracture surfaces look very similar, if one takes into account the scaling effect of the solidification rate. In both cases, one observes only smooth dendrite tips, which are characteristic of fracture along the liquid films in between the solidifying grains, at small liquid fractions.
Tests at slow cooling rate
The mechanical behaviour of the 6056 alloy tested with a cooling rate of 25 K s À1 is reported here. Fig. 7 shows the influence of the displacement rate on the stress level. A sharp transition exists between a displacement rate of 0.1 mm s À1 , where the stress reaches values characteristic of the fully solid state before fracture occurs (50 MPa), and higher displacement rates, where the maximum stress is one to two orders of magnitude smaller in the range 1-2 MPa. Such fracture stresses are characteristic of fracture in the semi-solid state (hot tearing) [23] , where cracks propagate along thin liquid films constrained between solidifying grains. This is confirmed by observations of the fracture surfaces associated with the low and high displacement rates (Fig. 8) . The material deformed at 0.1 mm s À1 exhibits a ductile fracture surface, while the material deformed at 0.4 mm s À1 has clearly failed along the liquid films separating neighbouring grains and exhibiting very little solid-state plasticity at the dendrite tips.
For the specimens fractured in the mushy state, the stress increases slowly from the start of loading at a temperature of 613°C until the temperature reaches 570°C (solid fraction of 0.95) and then increases sharply until fracture. The maximum stress is observed to increase with increasing displacement rates. 9 for different imposed displacement rates. A similar behaviour is observed as compared to the slow cooling rate, although it is slightly more complex:
Tests at high cooling rate
At high displacement rates (around 2 mm s À1 ), the stress increases sharply when deformation is applied, leading to instantaneous failure. It can be assumed that this behaviour represents essentially the loading of the remaining liquid films between the solidifying grains. At intermediate displacement rates, the stress increase is more gradual. A stress plateau at about 1 MPa is observed for the slowest displacement rates (around 1 mm s À1 ). When fracture has not occurred before the solid fraction of 0.95, the stress increases sharply at this solid fraction, similarly to the slow cooling experiments. The transition to fracture in the solid state occurs at about 1 mm s À1 . This transition rate is unsurprisingly considerably larger than in the case of the slow cooling rate.
Influence of alloy composition
Different alloy compositions, namely the 6056 base alloy and alloys prepared by mixing this alloy with the Al-Si eutectic alloy (AA4047) were tested. Two Si contents, 2 and 4 wt.% Si, were obtained. The addition of Si obviously changes the solidification path, not only in terms of the temperature range of the solidification interval, but also in terms of the shape of the solid fraction vs. temperature curve. This is illustrated in Fig. 10 , where the solidification paths computed by Prophase are plotted for the three alloys. It is shown that in rapid solidification conditions, the 2% and 4% Si alloys show a much larger amount of eutectic phase compared to the 6056 alloy; therefore it can be expected that the mechanical behaviour in the mushy state at high fractions of solid will be markedly different. Fig. 11 shows the evolution of the stress as a function of the solid fraction during the non-isothermal straining of the three materials, at 1.5 mm s À1 . For all materials the crosshead displacement is started at a solid fraction of 0.84 (corresponding obviously to different temperatures); however, both the maximum stress and the solid fraction at fracture are considerably reduced when the Si content is increased. Comparison between solid fraction at fracture and solid fraction at the onset of eutectic formation reveals that fracture occurs as soon as the eutectic mixture has formed in all three alloys. One point is to know whether the displacement rate at the transition between fracture in the semi-solid state (hot tearing) and fracture in the solid state is the same for the different alloys. Fig. 12 , which represents the maximum stress as a function of displacement rate, shows that this critical displacement rate does depend on the alloy composition: for a displacement rate of 0.4 mm s À1 , the 4% Si alloy fractures at less than 2 MPa (thus in the mushy state), whereas the 2% Si alloy fractures at 16 MPa (thus in the solid state). At 0.3 mm s À1 , however, the 4% Si alloy fractures at 17 MPa, a level characteristic of the solid state.
The difference in fracture mode at a displacement rate of 0.4 mm s À1 is further demonstrated by the fracture surfaces, shown in Fig. 13 . The 2% Si alloy shows a mostly ductile fracture surface, whereas the 4% Si alloy exhibits a smooth dendritic surface.
Influence of a grain refiner
It has been observed during the high cooling rate experiments, that the relationship between stress and solid fraction exhibits different shapes, depending on the displacement rate. In some cases, a stress plateau is observed, while for higher cooling rates the stress increase with increasing solid fraction is more abrupt. In order to determine if these different behaviours may be related to the grain structure, experiments with grain-refined alloys were carried out. Fig. 14 shows the variation of stress with solid fraction for the refined and the un-refined AA6056, at three displacement rates.
At the fastest displacement rate (2 mm s À1 ), both materials show a similar, abrupt increase of stress at a solid fraction of about 0.85 until fracture. The refined alloy shows a slight stress plateau, which is, however, not very significant at this stage.
At the lowest displacement rate (0.8 mm s À1 ), both materials show exactly the same behaviour: an initial stress increase at a solid fraction of 0.84, followed by a stress plateau at about 1 MPa, and an abrupt increase of stress at f s = 0.95 until final fracture. At an intermediate displacement rate, however, the two materials behave completely differently. The unrefined material exhibits a stress curve characteristic of the fast displacement rate, whereas the curve for the refined material is characteristic of the slow displacement rate. This result shows that there is a well-defined transition displacement rate between the behaviours at slow and at fast strain rates; this value depends on the grain structure.
Displacement before fracture
The ability of a partially solidified material to resist hot tearing is not only related to the maximum stress that it can sustain, but also to its ability to deform before fracture when subjected to an imposed strain. This property has been evaluated during the non-isothermal tensile tests, as the real displacement imposed on the specimen until the maximum stress is reached which corresponds to fracture. Fig. 15 shows the displacement at fracture as a function of the displacement rate for the three investigated materials (6056, 2% and 4% Si). For a given alloy composition, the displacement at fracture is very different when the fracture occurs in the solid state (large displacement at fracture) or in the semi-solid state (low value). A sharp transition between the two fracture mechanisms is observed, similarly to the transition in maximum stress. An interesting feature is that the displacement at fracture is observed to be constant as a function of displacement rate, in the range where fracture occurs in the mushy state. This constant value, however, is observed to depend on alloy composition: the lower the Si content, the higher the displacement to fracture. It also depends on the cooling rate, as shown in Fig. 16 : the lower the cooling rate, the higher the displacement to fracture.
Discussion
Mechanical properties of the mushy state before fracture
One of the important results reported above is that the mechanical behaviour in the mushy state can be classified in two characteristic categories when a constant displacement rate is applied during solidification. For high displacement rates, the curves exhibit only a fast stress increase and fracture occurs rapidly. For slow displacement rate, the curves exhibit a more complex shape. When the tensile strain rate is applied, there is an initial increase of the stress to a value of 0.5-1 MPa. Then a stress plateau is observed. Finally, when the solid fraction reaches 0.95, the stress increases sharply. This last stage can be explained by the transition between a mushy state, where almost all the solidifying grains are separated by liquid films so that the mechanical properties are mostly controlled by the liquid phase (before f s = 0.95), to a state where the solid skeleton is significantly connected. The solid fraction of 0.95 at which this transition occurs corresponds to the so-called fraction of coalescence found in the literature [24, 25] .
The presence of a stress plateau (which corresponds to a significant displacement at constant stress) before the formation of a fully coherent solid skeleton suggests that a rearrangement of the solidifying grains happens, by movement of liquid towards the zones under maximum tension [26] . This interpretation is consistent with the influence of grain refinement: indeed, the behaviour of the grain-refined material is identical in the cases of a very slow or a very fast displacement rate, but the critical displacement rate differs markedly from the unrefined material. It can actually be expected that the deformation mechanisms are identical in both materials, but that the grain rearrangement can occur much more rapidly in the refined material owing to a much smaller grain size, resulting in a stress plateau at higher displacement rates. Considering the influence of the Si content, we have observed that fracture occurs at lower stress when the Si content is higher, and that the associated displacement before fracture is lower, which means that fracture is more brittle. We have seen also that fracture occurs as soon as the eutectic phase forms for the 2% Si and the 4% Si alloys. We propose two explanations for this ''embrittlement'' by the addition of Si. Firstly, in the case of the high-Si alloys (2% and 4%), when the solid fraction is such that interdendritic bridges should form, an extra energy may be necessary to create an interphase between the a phase dendrite (aluminium-rich matrix) and the eutectic bridge. This could result in a lower area fraction of intergranular bridges for a given fraction of solid as compared to the 6056 alloy, where a-a bridges can form due to the low fraction of eutectic phase. This can explain the lower value of the maximum stress. Secondly, the eutectic phases, which are formed between the grains in the high-Si alloys, are rather brittle. When the partially solidified material is strained, there is a competition between plastic deformation of the interdendritic bridges and crack propagation at the grain boundaries. It is consistent that when the Si content is higher, the fracture strain is lower, since the volume fraction of brittle phase constituting the interdendritic bridges is larger.
Fracture mode and displacement to fracture
Our experimental results have shown that a critical displacement rate (CDR) can be defined at the transition between fracture in the mushy state (occurring by separation of grains along the remaining liquid films) and fracture in the solid state (with a clear ductile character). If the displacement rate is lower than the CDR, fracture occurs in the solid state for high stresses and high displacements. This CDR depends on the cooling rate: for a given alloy composition, the CDR increases with increasing cooling rate. It is also observed that in the hot tearing regime (i.e. when the displacement rate is higher than the CDR) this displacement to fracture does not depend on the displacement rate. Figs. 15 and 16 demonstrate, however, that it depends markedly on the alloy composition: the CDR decreases with increasing Si content.
Based on these results, a map describing the conditions of fracture in the mushy state can be drawn as a function of the different parameters investigated, which can be translated in a criterion for fracture by ''hot tearing'', i.e. fracture along the liquid films. This new criterion for fracture of liquid films consists of two conditions that need to be met simultaneously:
(i) the displacement rate must be higher than the critical one which is a function of the solidification rate and of the Si content; (ii) fracture occurs if the total displacement applied to the mush is higher than the critical displacement which is also function of the same two parameters.
It should to be pointed out that both the critical displacement rate and the critical strain to fracture depend strongly on the cooling rate. The critical displacement rate can be expected to scale linearly with the cooling rate, if the solidification conditions are not changed (e.g. solidification interval). The situation is less simple for the critical strain to fracture. This depends on the cooling rate, which probably comes from the increased ability for the grains to rearrange when the cooling rate is lower. However, the nature of this dependence is not straightforward to predict. In a first approximation it can be assumed that it scales with the inverse of the cooling rate.
This criterion could be integrated in the modelling of any process for which solidification of aluminium alloys takes place with high solidification rate. If the displacement rate and the total displacement are predicted at any location, this criterion can indicate if there is any risk for hot tearing. However, the plasticity of the mushy state is not negligible, and such a criterion should be coupled with a rheological model capable of predicting the deformation response of a material as a function of the applied stress, temperature, fraction of solid, etc.
Modelling the mechanical response during the non-isothermal tensile test
In a previous paper [3] , a constitutive law for the mushy state has been presented. This law is suited to materials partially solidified with high cooling rate before being tensile tested. This law, the parameters of which have been identified in isothermal tensile experiments, describes the strain rate of the partially solidified material as a function of the applied stress, as first suggested by Van Haaften et al. [27] :
where f GBWL is the fraction of grain boundaries wetted by the liquid, and A, Q, and n are material parameters. The relationship between the fraction of liquid and the fraction of grain boundaries wetted by the liquid has been calibrated in order to match the mechanical behaviour during the isothermal tensile tests [3] . The material parameters have been extracted from compression tests carried out at high temperature below the solidus. Table 2 gathered the values of the parameters found for the 6056 and the 2% Si alloy. This law describes accurately the maximum stress obtained during isothermal tensile tests for different temperatures and strain rates [3] .
This constitutive law is now used to model the mechanical behaviour during the non-isothermal tensile tests. The first step of the model is to predict the temperature field during the tensile test. Thermocouples were placed in the sample during selected tests and a numerical simulation was carried out using the Calcosoft Ò software [28] . This thermal field is then translated into a field of solid fractions using the Prophase curves presented in Fig. 10 . The distribution of the fraction of solid in the sample is presented in Fig. 17 at different times (time = 0 corresponding of the beginning of the test). The solid fraction is then associated with a fraction of grain boundaries wetted by the liquid, using the relationship developed in a previous paper [3] , and thus to a strain rate for a given macroscopic stress. The average strain rate of the specimen is then calculated by integrating the local strain rates corresponding to the local solid fractions along the specimen. This calculated strain rate must be equal to the applied strain rate which gives the value of the calculated stress. This procedure is repeated for each time step to give finally the stress response of the specimen during the non-isothermal tensile test. The numerical integration is carried out using the Scilab Ò software. Fig. 18 shows the predicted evolution of the stress when the solidifying sample is subjected to a non-isothermal tensile test for different displacement speeds and two compositions. The simulation predicts that the stress increases to about 1 MPa when the tensile deformation is applied and then increases slowly until a solid fraction of about 0.96 is reached. From that point, the stress begins to increase sharply. This corresponds well to the experimental situations. This very simple model is therefore capable of describing, at least in a qualitative way, the complex phenomena occurring during the non-isothermal tensile test.
However, the limits of this model must be discussed. Firstly, the model does not integrate the complex effect of the displacement speed as observed in Fig. 9 . Owing to the simplicity of Eq. (1), the model cannot reproduce the transition observed as a function of the displacement rate. This model is suitable for studying the mechanical response of the mush in the case where intermediate displacement rates are imposed. This is representative of the hot tearing phenomenon characterised by fracture occurring at high solid fractions. Another limit of this model has to do with the influence of the alloy composition. The composition of the alloy is taken into account through the material parameters A, Q, and n. This leads to a poor sensitivity of the model to the Si content. A possible improvement of the model would be to consider, according to the composition of the alloy, a different relationship giving the fraction f GBWL as a function of the liquid fraction. Indeed, for the same solid fraction, the liquid phase may be spatially distributed in various ways depending on its composition as solid-liquid interface energies might depend on solute contents. Similarly the influence of the presence of the grain refiner is not taken into account in Eq. (1). Nevertheless, modification of the relationship between f GBWL and liquid fraction is possible to account for the effect of grain size on the distribution of the liquid phase in the mush.
Application to welding
It is worth considering now the final goal of our study, i.e. the hot tearing phenomenon during laser welding of aluminium alloys. It is usually admitted that the use of Al-Si alloy as a filler wire decreases the hot tearing susceptibility of a weld. Numerous studies have confirmed that, as the Si content increases, the hot tearing susceptibility increases until the maximum solubility of Si in Al is reached, and then decreases rapidly [29] [30] [31] . Our results show that the influence of the Si content on the hot tearing susceptibility is not that straightforward. Actually, increasing the Si content results in a decrease of the intrinsic mechanical properties (stress and strain to fracture) when the partially solidified material is subjected to strain. The benefit of the addition of a Si-rich filler wire on hot tearing susceptibility could have several explanations. One could be that the Si content changes the microstructure of the mush and particularly the spatial distribution of the grains. This could lead to the possibility of the grains rotating and moving as in the case of the grain-refined alloy, resulting finally in delayed fracture. Another possibility is that Si changes the wetting angle between the liquid and the solid phase. In a configuration prone to hot tearing, this would permit the liquid to flow more easily and to heal the forming cracks. This cannot be observed during tensile tests since the material that which is strained is that with the lowest fraction of liquid: there is no remaining liquid to heal the forming cracks. Another explanation is that the addition of the filler wire could change the thermal strain applied to the solidifying material: it is known that adding Si to Al reduces the thermal expansion coefficient and the volume change during solidification. If the strain imposed by the solidification process decreases faster than the maximum strain before fracture, the net effect of an increase of the Si content would then be beneficial.
Conclusions
An original experimental set-up was developed to study the fracture behaviour of Al-Mg-Si-Cu alloys during non-isothermal tensile tests carried out in the mushy state during solidification. The mush exhibits a viscoplastic behaviour and shows a transition between fracture in the solid state and fracture in the semi-solid state when the imposed displacement speed is decreased. This critical speed for the occurrence of rupture in the mushy state depends on the composition of the alloy and on the cooling rate. Decreasing the Si content, increasing the cooling rate, or adding a grain refiner leads to an increase of the critical speed. These experiments also show that the displacement to fracture does not depend on the displacement speed but is a function of the cooling rate and the composition. Based on these two conclusions, a criterion for the occurrence of fracture in the mushy state is suggested which involves a critical strain rate and a critical strain.
The mechanical behaviour of the mush is successfully modelled using a creep-type law in which the fraction of grain boundaries wetted by the liquid is taken into account. As far as the microstructure and the fracture surface observed during these tests are representative of the hot tearing phenomenon, which occurs during laser welding, the model can be used in the simulation of this process. Predictions of the strains involved during solidification would therefore be possible and consequently predictions of the occurrence of hot tearing using a criterion such as that developed in this study. However, differences between fracture in the mushy state during non-isothermal tensile tests and hot tearing during laser welding should be kept in mind. Indeed during laser welding, some remaining liquid can feed the hot tears and heal them, whereas during tensile testing the conditions are much more severe. The addition of a filler wire during welding can also change the physical properties of the mush, and therefore affects the occurrence of hot tearing. Nevertheless, this study is thought to constitute a step towards the understanding of the behaviour of a mush under non-isothermal conditions with a high cooling rate and the conditions of the occurrence of hot tearing during laser welding processes.
